During spindle assembly, microtubules are spatially organized by the chromosome-23 derived Ran-GTP gradient. Previous work demonstrated that Ran-GTP releases spindle 24 assembly factors such as HURP from inhibitory importins to assemble microtubules 25 near chromosomes. However, the significance and mechanisms of Ran-mediated 26 spindle assembly remains poorly understood, especially in somatic cells. Here, we 27 systematically depleted RCC1 (Ran-GEF), RanGAP1, and importin-β in human cells 28 using auxin-inducible degron technology. We demonstrate that depletion of RCC1, but 29 not RanGAP1, causes short metaphase spindles that lack HURP on kinetochore-fibers 30 (k-fibers). Surprisingly, we find that importin-β co-localizes with HURP to k-fibers, where 31 it acts as an active, not inhibitory, regulator for HURP. HURP and importin-β are 32 mutually dependent for their k-fiber localization and coordinately regulated by Ran-GTP.
Introduction 42
The spindle is a universal microtubule-based macromolecular structure that plays 43 crucial roles for accurate cell division in eukaryotes (McIntosh and Hays, 2016) . The 144 In the current model, Ran-GTP activates spindle assembly factors by releasing them 145 from inhibitory importins in the vicinity of chromosomes (Fig. 1A) . Based on this model, 146 depletion of importin-β would liberate spindle assembly factors throughout the cell 147 resulting in mitotic phenotypes similar to Ran-GAP1 depletion. To test this, we next 148 depleted endogenous importin-β by fusing it with mAID-mClover (mAC) ( Fig. 2E , F and 149 Fig. S2A-B ). Unexpectedly, we found that endogenous importin-β-mAC accumulated at 150 the chromosome-proximal region of bundled kinetochore-microtubules (k-fibers) in living 151 cells ( Fig. 2F top, S2C ). This contrasts with a previous study that found importin-β 152 localizes to spindle poles in pre-extracted fixed cells (Ciciarello et al., 2004) . The k-fiber 153 localization of importin-β was not an artifact of mAC tagging, as it was observed after 154 immunostaining of endogenous importin-β without tags (Fig. S2D ). Importantly, 155 importin-β depletion resulted in a defective spindle structure characterized by short 156 mitotic spindles and delayed mitotic progression ( Fig. 2G-J) , although NuMA's 157 localization was almost normal (Fig. 2F, H) . This phenotype is similar to RCC1 depletion, 158 but not RanGAP1 depletion. These results suggest that, in contrast to prevailing models 159 ( Fig. 1A) , importin-β promotes spindle assembly, but does not inhibit this process. 160 161 RCC1 and importin-β are required for HURP localization to k-fibers 162 The phenotypic similarity between importin-β and RCC1 depletions was not readily 163 explainable by the current model in which Ran activates spindle assembly factors by 164 releasing inhibitory importins (Fig. 1A) . Rather, it could be interpreted that importin-β 165 9 positively regulates spindle assembly factors downstream of RCC1 to promote spindle 166 assembly. To test this possibility, we next analyzed the localization of importin-β and 167 known spindle assembly factors including NuMA, TPX2 (Gruss et al., 2001) , and HURP 168 (Sillje et al., 2006) . Strikingly, RCC1 depletion abolished k-fiber accumulation of both 169 importin-β (Fig. 3A, Fig. S2E ) and HURP (Fig. 3B, Fig. S2F ). HURP localized diffusely 170 in the cytoplasm with weak accumulation at spindle poles in RCC1-depleted cells (Fig. 171 3B). In contrast, the spindle localization of NuMA ( Fig. 1D ) and TPX2 was virtually 172 unaffected in RCC1-depleted cells ( Fig. 3C and S2G ). 173 We next analyzed HURP localization in importin-β-depleted cells. In control cells, Ran-GTP promotes spindle microtubule enrichment of HURP and importin-β. 195 In contrast to prior expectations, our results suggest that importin-β acts positively to 196 target HURP to k-fibers following Ran-GTP binding instead of dissociating from HURP.
197
To probe this model, we next analyzed the behaviors of importin-β and HURP in 198 RanGAP1-depleted cells in which Ran-GTP levels are expected to be increased. 199 Intriguingly, following the depletion of RanGAP1, both importin-β and HURP localized to 200 k-fibers, but additionally accumulated on spindle microtubules with increased intensities 201 ( Fig. 5A-B, Fig. S1D ). This suggests that importin-β and HURP behave together and 202 interact with microtubules more stably in response to Ran-GTP.
204

Ran-GTP binding to importin-β is required for k-fiber localization of importin-β 205
Ran-GTP directly binds to importin-β, resulting in cargo release from importin-β ( Fig.1A (Bischoff et al., 1994) and thus expected to be as GTP-bond form. Consistent with our 212 model, ectopically-expressed mCherry-tagged RanQ69L was detected on k-fibers (25 %, 213 n=68, Fig. 5C and Fig. S4A ) in HEK293 cells. In contrast, a dominant negative mutant 214 that is unable to bind to GTP, mCh-RanT24N, predominantly localized to chromosomes 215 (100%, n=30) ( Fig. 5C ) (Kiyomitsu and Cheeseman, 2012) and was never detected on 216 k-fibers. 217 We next analyzed whether Ran-GTP binding to importin-β is required for the k- 
223
In contrast, both importin-β ΔN10 and ΔN70 mutants failed to localize to k-fibers, but 224 instead accumulated on spindle microtubules or spindle poles ( Fig. 5D ), probably by 225 binding to its other cargos. These results support our model that importin-β localizes to Importin-β positively regulates HURP's k-fiber accumulation. 230 Here, we found that importin-β co-localizes with HURP to k-fibers ( Fig. 2F , 3D, 4B, S2D), We found that degradation of either RCC1, importin-β, or HURP, but not RanGAP1, 273 caused short metaphase spindles in human HCT116 cells ( Fig. 1G , 2C, 2I, S2I, 4D).
274
Because HURP is required for the stabilization of k-fibers (Sillje et al., 2006) For immunofluorescence in Figure S2D , HURP-mACF cells were fixed with PBS 358 containing 3% paraformaldehyde and 2% sucrose for 10 min at room temperature.
359
Fixed cells were permeabilized with 0.5% Triton X-100™ for 5 min on ice, and 360 pretreated with PBS containing 1% BSA for 10 min at room temperature after 361 washing with PBS. Importin-β was visualized using the anti-importin-β antibody
362
(1:500). Images of multiple z-sections were acquired by spinning-disc confocal 363 microscopy using 0.5-µm spacing and camera binning 2. Maximally projected 364 images from 3 z-sections were shown.
365
For time-lapse imaging in Fig. 1E -F, S1E-F and Fig. 2G-H 
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